The objective of this study is to provide complete information on the dynamic relationship between X-band (3.11 cm) backscattering intensity (σ • ) and rice crop's leaf area index (LAI) at all growth phases. Though the relationship between X-band σ • and LAI has been previously explored, details on the relationship at the reproductive phase remain unstudied. LAI at the reproductive phase is important particularly at the heading stage where LAI reaches its maximum as it is closely related to grain yield, and at flowering stage where the total leaf area affects the amount of photosynthates. Therefore, this study examined the relationship of increasing LAI (vegetative to reproductive phase) and decreasing LAI (ripening phase) with TerraSAR-X (TSX) ScanSAR (3.11 cm) σ • at HH polarisation and 45 • incidence angle. The results showed a statistically significant (R 2 = 0.51, p value < 0.001) non-linear relationship of LAI with σ • at the vegetative to reproductive phase while no significant linear relationship was found at the ripening phase. This study completes the response curve of X-band σ • to LAI by filling in the information on the reproductive phase which more accurately characterises the dynamic relationship between the rice crop's LAI and X-band's σ • . This contributes to improved knowledge on the use of X-band data for estimating LAI for the whole crop cycle which is essential for the modelling of crop growth and estimation of yield.
Introduction
Leaf area index (LAI) is derived from the measurements of how fast radiation is attenuated as it passes through the canopy [1] and this accounts for the leaf surface that intercepts incoming radiation [2, 3] . LAI is widely used in the research of photosynthesis [4] , crop growth analysis and estimation of crop yield [5, 6] . The assimilation of LAI as a state variable in crop growth simulation models (CGSM) has been increasingly used for yield estimation [7] . Many CGSM are point-based and scaling this up to estimate yields across larger areas is an active research field [8] [9] [10] . Remote sensing can be used to estimate LAI, plant height and phenology, and provides spatial and temporal information on other crop growth parameters [11, 12] which can reduce spatial variation and uncertainty [9] resulting in more accurate yield estimates across large areas [8] . This makes the study of the relationship between remote sensing information and LAI a focus for many remote sensing studies [5, 13] . 
Materials and Methods

Study Area
Nueva Ecija (Figure 1 ) is the largest province of the Central Luzon region of the Philippines. Its land cover is dominated by rice which is mainly grown on alluvial plains and terraces. The province is the leading rice producer of the country [27] . The province has four major rivers: Malimba, Talavera, Chico and Pampanga (the largest) which are the main sources of the Pantabangan reservoir [28] . With these water resources, Nueva Ecija has the highest harvested irrigated rice area among all rice producing provinces in the Philippines: 290,864 ha in 2017 [29] . The total harvested area in 2017 was 324,042 ha, with a total rice production of 1.88 million MT [29] .
The province has a distinct dry season (DS) from December to May and wet season (WS) from June to November [30] . In general, the irrigated rice fields are cropped twice a year, once during the WS from June to October, and again in the DS from December to April. Fields are generally kept fallow in May and November though some farmers may plant a green cover crop, like mungbean, which fixes nitrogen and provides a small yield of beans. In terms of crop management, rice is generally transplanted when grown in the WS and directly seeded when grown in the DS [31] . Farmers generally plant rice varieties with a 110 to 115-day crop growth duration. 
Materials and Methods
Study Area
TerraSAR-X ScanSAR: Multitemporal Image Acquisition and Processing
TerraSAR-X (TSX) is a satellite operated by the German Aerospace Center (DLR) which became operational in 2008. TSX ScanSAR images (at wavelength 3.11 cm) during the 2013 WS from 8 July-23 September were ordered, however, due to higher priority requests from other users, two of these images (10 and 21 August 2013) were not acquired. Hence, only six images were used in this study 
TerraSAR-X (TSX) is a satellite operated by the German Aerospace Center (DLR) which became operational in 2008. TSX ScanSAR images (at wavelength 3.11 cm) during the 2013 WS from 8 July-23 September were ordered, however, due to higher priority requests from other users, two of Remote Sens. 2019, 11, 1462 6 of 16 these images (10 and 21 August 2013) were not acquired. Hence, only six images were used in this study to capture the vegetative to ripening phases of rice in Nueva Ecija. The multitemporal TSX ScanSAR images have a spatial resolution of 18.5 m at 45 • incidence angle, HH polarisation and 11-day temporal resolution. HH polarisation was chosen because it responds more to the vertical structure of rice plants [20, 22] . The double bounce effect between the horizontal flooded field surface and the generally vertical rice plants is more prominent in HH and gives higher backscatter than the VV polarisation [33] . A large incidence angle (45 • ) was used because it reduces wind effects on water during land preparation prior to transplanting, results in a larger dynamic range of radar backscatter and produces higher spatial resolution [34] .
The full description of processing steps for TSX ScanSAR images can be found in [31] . MAPscape-RICE ® [35] , a semi-automated software developed by sarmap was used to generate a terrain geocoded σ • by following this processing sequence: (i) multi-looking to reduce speckle and to obtain square pixels; (ii) orbital correction using the SRTM 90 m digital elevation model (DEM); (iii) co-registration of multi-temporal images by gross shift estimation using the orbital data; (iv) De Grandi time-series filtering to achieve a balance in the reflectivity between images acquired at different times using an optimum weighting filter; and (v) terrain geocoding, radiometric calibration and normalization. The σ • allows comparison of radar images acquired at different times, from different sensors or different viewing geometries [31] . The σ • from the multi-temporal images were analysed together with in situ LAI measurements from vegetative to ripening phases.
Monitoring of Sites and Field Data Collection
Field data collection and monitoring of rice fields were carried out during the 2013 WS from 8 July to 23 September on or near to the dates of TSX ScanSAR image acquisitions. A rice-based cropping system map derived from the unsupervised classification of MODIS data from 2006 to 2011 [31] was used as the strata for stratified random sampling to identify the location of rice field monitoring sites [31] for ground data collection ( Figure 1 ). The time needed to complete all observations and plant measurements, the travel time to go from one field to another, budget, person-days, labour constraints and proximity to roads were all considered in determining the number of monitoring sites. Pre-tests of the questionnaire and data collection form were carried out to further determine the feasible number of sites for this study [31] . This resulted in a final selection of 30 monitoring sites located in 13 municipalities of Nueva Ecija. The dates of sowing, transplanting and harvesting were recorded for each site through farmers' interviews. Transplanting and harvesting dates in the monitored rice fields varied considerably over a two-month period from 8 June to 5 August and from 5 September to 5 November 2013, respectively.
Other field data collected at each monitoring site during or near each satellite pass included in situ LAI, rice crop growth stage, rice variety, water depth and observed weather conditions (e.g., rainy, cloudy, sunny). Secondary daily rainfall data was also acquired from the Tropical Rainfall Measurement Mission (TRMM) 3B42 product [36] . Figure S1 shows the actual data collection form.
In situ LAI Measurement
In situ LAI measurements were carried out with three replications for each monitoring site every 11 days from 8 July to 23 September 2013, synchronised with Terra SAR-X (TSX) ScanSAR image acquisition dates (±1-2 days). An AccuPAR LP-80 ceptometer was used for the in situ LAI measurements. The photosensors measure photosynthetically active radiation (PAR) in the spectrum that plants use for photosynthesis, i.e., from 400-700 nm. LAI was calculated based on the above and below canopy PAR measurements which were simultaneously measured through the use of an external PAR sensor provided with the AccuPAR. Other variables (zenith angle, fractional beam measurement value, and leaf area distribution parameter) related to the canopy and position of the sun were also automatically calculated [37] . The 30 rice fields that were monitored were planted at different dates, The identification of rice growth phases and stages during monitoring was based on the International Rice Research Institute's (IRRI) classification of rice plant growth. The vegetative phase is subdivided into three stages: germination, seedling and tillering (maximum tillering and stem elongation); the reproductive phase is subdivided into panicle initiation, booting, heading and flowering; and the ripening phase into milky, dough, yellow ripe and maturity [25, 38] . In a tropical country like the Philippines, a 120-day rice variety will have approximately 60 days, 30 days and 30 days for the vegetative, reproductive and ripening phases respectively [38] . Figure 2 shows photos of a rice field monitored at various crop growth stages during different observation dates throughout the season. The identification of rice growth phases and stages during monitoring was based on the International Rice Research Institute's (IRRI) classification of rice plant growth. The vegetative phase is subdivided into three stages: germination, seedling and tillering (maximum tillering and stem elongation); the reproductive phase is subdivided into panicle initiation, booting, heading and flowering; and the ripening phase into milky, dough, yellow ripe and maturity [25, 38] . In a tropical country like the Philippines, a 120-day rice variety will have approximately 60 days, 30 days and 30 days for the vegetative, reproductive and ripening phases respectively [38] . Figure 2 shows photos of a rice field monitored at various crop growth stages during different observation dates throughout the season. 
Interpolation of LAI (from the in situ LAI Measurements)
For each monitored site, the in situ LAI measurements were interpolated to derive the best LAI estimate at the date of image acquisition. This allowed: (i) the estimation of LAI on the dates of image acquisition where in situ measurements are not available; (ii) estimation of dates at the heading/flowering stage where LAI reaches its peak; and (iii) removal of noise in the individual observations. The semi-mechanistic LAI model of Baret [15, 39, 40] was used for the LAI interpolation (Equation 1).
Baret's model [40] splits the LAI dynamics into growth and senescence. In the equation, T is the accumulated daily mean air temperature above 8°C starting from sowing date and LAIamp is the amplitude of the maximal leaf area [40] . The growth period is based on a logistic equation which describes the dynamics before the time of maximum LAI, with parameter b as the relative growth rate at the inflexion point Ti. The senescence period is based on an exponential equation describing the period after maximum LAI, with parameter a as the relative growth rate and Ts as the time expressed in temperature with senesced leaves. For each site: b, Ti, a, Ts and LAIamp were estimated by selecting the combination delivering the lowest RMSE value when compared to all in situ data. The temperature data used as input for Baret's model was acquired from NASA POWER Climatology 
For each monitored site, the in situ LAI measurements were interpolated to derive the best LAI estimate at the date of image acquisition. This allowed: (i) the estimation of LAI on the dates of image acquisition where in situ measurements are not available; (ii) estimation of dates at the heading/flowering stage where LAI reaches its peak; and (iii) removal of noise in the individual observations. The semi-mechanistic LAI model of Baret [15, 39, 40] was used for the LAI interpolation (Equation (1)).
Baret's model [40] splits the LAI dynamics into growth and senescence. In the equation, T is the accumulated daily mean air temperature above 8 • C starting from sowing date and LAI amp is the amplitude of the maximal leaf area [40] . The growth period is based on a logistic equation which describes the dynamics before the time of maximum LAI, with parameter b as the relative growth rate at the inflexion point Ti. The senescence period is based on an exponential equation describing the period after maximum LAI, with parameter a as the relative growth rate and Ts as the time expressed in temperature with senesced leaves. For each site: b, T i , a, T s and LAI amp were estimated by selecting the combination delivering the lowest RMSE value when compared to all in situ data. The temperature data used as input for Baret's model was acquired from NASA POWER Climatology Resource for . In situ LAI data were measured from the monitored fields, whereas, sowing and harvesting dates were acquired through farmers' interviews.
Analysis of the Relationship of Backscatter Coefficient (σ • ) and LAI
The maximum LAI occurs during the heading-flowering stage of the rice crop [4] . This study investigated how σ • relates to the increasing (vegetative to reproductive phase) and decreasing LAI (ripening phase). A scatter plot was used to get an overview of the overall pattern of the relationship: the direction (positive, negative or neither), the form (linear or non-linear) and the strength (strong or weak based on how close the data points follow the form) [42] . Based on this, a third order polynomial regression was chosen to approximate the non-linear relationship of σ • with LAI.
Results
Interpolated LAI
The use of Baret's semi mechanistic LAI model filled the missing LAI at the date of image acquisition, allowed the estimation of dates when the heading/flowering stage occurred and removed the noise in the LAI values. The assessment of the accuracy of interpolated LAI against the in situ LAI showed a statistically significant and strong correlation (R 2 = 0.89 and RMSE = 0.35) (Figure 3 ). Based on the transplanting dates from farmers' interviews, transplanting occurred within a two-month period which can also be seen in Figure 4 . The earliest transplanting was on 8 June and the latest was on 5 August 2013. The heading-flowering stage (maximum LAI) based on ground observation for the study sites were observed from day of the year (DOY) 221 (9 August 2013) to DOY 268 (25 September 2013). There is a strong correlation in the occurrence of the peak of LAI (i.e., heading-flowering stage) at the simulated and in situ LAI measurements (R 2 = 0.82 and RMSE = 6 days). The maximum interpolated LAI values for the 30 rice fields ranged from 2.5 to 4.8.
The trend of the interpolated LAI for the whole rice crop cycle is shown in Figure 5 . LAI increased continuously from the vegetative phase until it reached the maximum at the end of reproductive phase (heading-flowering stage) ( Table S2 ). As the rice crop entered the ripening phase (milky-dough stage), LAI decreased continuously until the maturity stage. heading -flowering stage) at the simulated and in situ LAI measurements (R 2 = 0.82 and RMSE = 6 days). The maximum interpolated LAI values for the 30 rice fields ranged from 2.5 to 4.8. The trend of the interpolated LAI for the whole rice crop cycle is shown in Figure 5 . LAI increased continuously from the vegetative phase until it reached the maximum at the end of reproductive phase (heading -flowering stage) ( Table S2 ). As the rice crop entered the ripening phase (milky-dough stage), LAI decreased continuously until the maturity stage. Figure 6a shows a non-linear trend in the relationship of σ • and LAI from the vegetative to reproductive phases. The use of polynomial regression to approximate the non-linear relationship between σ • and LAI (vegetative to reproductive phase) gave a statistically significant result with R 2 = 0.51, p value < 0.001 and RMSE = 1.15.
Relationship Between Backscatter Intensity (σ°) and Interpolated LAI
Relationship Between Backscatter Intensity (σ • ) and Interpolated LAI
An increasing trend in the relationship of σ • with LAI was found to occur at the vegetative phase (from newly transplanted seedling to the tillering-stem elongation stage), where the average σ • increased from −11.41 dB to −8.59 dB along with the increase in the average LAI from 0.39 to 1.25. At the reproductive phase (panicle initiation to end of the heading-flowering stage), the average σ • ranged from −8.58 dB to −9.64 dB indicative of saturation (Figure 6a) . LAI, on the other hand, continued to increase at the reproductive phase from 2.75 to 3.31 as it reached its peak (Figure 6b ).
For the ripening phase (milking to maturity stage), there was no significant relationship between LAI and σ • . A non-significant linear trend that is almost horizontal with a slope of −0.19 was detected (R 2 = 0.02, p value = 0.37 and RMSE = 0.96), approaching an asymptotic relationship. The average σ • at the ripening phase ranged from −10.09 dB to −9.93 dB while the average LAI dropped from 3.05 to 2.20. By the time the last image was acquired on 23 September 2013, 77% of the monitoring fields already reached the ripening phase (milking to maturity stage). Figure 6b shows a statistically significant and very strong relationship (R 2 = 0.84, p value < 0.001 and RMSE = 0.49) between days after transplanting (DAT) and LAI, whereas the relationship between σ • and DAT is less strong (R 2 = 0.47, p value < 0.001 and RMSE = 1.11). Table 3 summarizes the results from this study and other previous research on the relationship between X-band σ • and LAI at various growth stages and using different sensors and polarisations. seedling to the tillering-stem elongation stage) , where the average σ° increased from −11.41 dB to −8.59 dB along with the increase in the average LAI from 0.39 to 1.25. At the reproductive phase (panicle initiation to end of the heading-flowering stage), the average σ° ranged from −8.58 dB to −9.64 dB indicative of saturation (Figure 6a) . LAI, on the other hand, continued to increase at the reproductive phase from 2.75 to 3.31 as it reached its peak (Figure 6b ).
For the ripening phase (milking to maturity stage), there was no significant relationship between LAI and σ°. A non-significant linear trend that is almost horizontal with a slope of −0.19 was detected (R 2 = 0.02, p value = 0.37 and RMSE = 0.96), approaching an asymptotic relationship. The average σ° at the ripening phase ranged from −10.09 dB to −9.93 dB while the average LAI dropped from 3.05 to 2.20. By the time the last image was acquired on 23 September 2013, 77% of the monitoring fields already reached the ripening phase (milking to maturity stage). Figure 6b shows a statistically significant and very strong relationship (R 2 = 0.84, p value < 0.001 and RMSE = 0.49) between days after transplanting (DAT) and LAI, whereas the relationship between σ° and DAT is less strong (R 2 = 0.47, p value < 0.001 and RMSE = 1.11). Table 3 summarizes the results from this study and other previous research on the relationship between X-band σ° and LAI at various growth stages and using different sensors and polarisations.
(a) 
Discussion
Relationship between Backscatter Intensity (σ • ) and Interpolated LAI
The results from this study showed that there is a statistically significant non-linear relationship between the increasing LAI and σ • at the vegetative to reproductive phases with R 2 = 0.51 and RMSE = 1.15 (Figure 6a ). The 51% variability in σ • can be explained by the LAI, while the remaining 49% could probably be attributed to the effect on σ • of different agronomic factors (e.g., rice variety), crop management (e.g., fertilizers applied and timing) resulting in different plant vigour, and different transplanting dates (that occurred within a two-month period).
Asynchronous transplanting is a result of irregular irrigation water release dates, shortage of manual labour, unavailability of machinery for land preparation and transplanting [43] , lack of capital, reduced fallow period between DS and WS crops and increased standing crop duration [44] . The two-month transplanting window resulted in varying crop growth stages, different number of LAI measurements for each growth stage and phase, and varying weather conditions at the time of image acquisition that could influence SAR backscatter, especially during the WS.
At the vegetative phase, LAI continuously increased and gradually reached its peak at the late vegetative stage (tillering/stem elongation). X-band is sensitive enough to detect transplanted seedlings [22] . The rougher surface resulting from the erect and open canopy and flooded soil at vegetative phase contributed to the increase in σ • [13, 31] .
As the rice crop entered the reproductive phase, the σ • gradually decreased as a result of more homogeneous canopy and low surface roughness from closing canopy that covered the stems and rows which acted as vertical scatterers [22] . LAI at this phase continued to increase until it reached its maximum at the heading/flowering stage. At the reproductive phase, the effect of larger LAI value on σ • was diminished and the slope of regression line became less and less positive. This is shown in Figure 6a .
For the ripening phase (i.e., when LAI continuously decreased until the crop was harvested), LAI was found to have a poor linear relationship with σ • (R 2 = 0.02, p value = 0.37 and RMSE = 0.96) (Figure 6b ) which is also in agreement with Inoue et al.'s findings in a separate study for the late maturing stage (R 2 = 0.04 or r = 0.21) [23] . The relationship between LAI and σ • at the reproductive and ripening phases is less straightforward due to different scattering mechanisms [45] .
Our findings of contrasting relationships between σ • and LAI at vegetative to reproductive phases (significant non-linear) and at ripening phase (no relationship) differed from the poor correlation obtained by Inoue et al. [22] and Kim et al. [20] . The difference is likely due to the different datasets used. Inoue et al. analysed the relationship of LAI and σ • using the entire rice growth duration [22] .
Hirooka et al. [24] used a dataset for LAI and SAR images that covered the growth stages between transplanting and heading stage. We, on the other hand, covered the entire vegetative and reproductive phase including the heading and flowering stage. Comparing our results with Hirooka et al [24] , both obtained a statistically significant relationship between LAI and σ • ( Table 3) .
The relationship between LAI and σ • at the ripening phase were consistently low (R 2 < 0.1) whether HH or VV co-polarisation were used (Table 3) [13, 23] . This agrees well with the findings of Lopez-Sanchez et al. [19] that rice responds similarly to all incident angles and co-polarisation (HH or VV) at the final stages of the ripening phase.
In our study, we were able to better characterise the relationship of increasing LAI at vegetative to reproductive phases and decreasing LAI at the ripening phase with X-band σ • , contributing to better knowledge on the use of X-band data for estimating LAI for the whole crop cycle, which is essential for the modelling of crop growth and estimation of yield.
Conclusions and Recommendations
This study provided information on the relationship between X-band σ • (HH polarisation andIn particular, this study added new information that LAI and σ • at the vegetative to reproductive growth phases (when LAI is increasing) has a statistically significant non-linear relationship (Figure 6a ). This can help researchers in understanding the dynamic relationship between X-band σ • and LAI for the entire rice growing cycle (vegetative to ripening phase), and thereby further improve rice growth modelling using X-band SAR.
We make several recommendations for future research. Firstly, the relationship of X-band VV polarisation information with LAI at all growth phases should be considered. This would provide further information about the relationship between LAI and X-band σ • information at different polarisations, and determine how the response curve would differ from X-band HH polarisation information during increasing LAI (vegetative to reproductive phases) and decreasing LAI (ripening phase). Secondly, the phase difference of HH and VV is known to be useful for crop identification or crop condition discrimination [11] , hence future work on the use of phase difference that highlights different information given by different polarisation for rice mapping or rice biophysical parameter extraction could be explored to increase the accuracy of LAI retrieval from SAR. Finally, our backward approach where we identified statistical relationships between rice LAI and SAR backscatter can be complemented with forward approaches or model inversion approaches to generate plant characteristics from the SAR observations.
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